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1 Introduction
In this paper, two open issues are investigated regarding PDCP window operation under dual connectivity:

1) Window type for UE’s PDCP reception/reordering operation: PUSH window vs PULL window;
2) How to advance MeNB’s PDCP transmission window upon SeNB/UE inputs;
Issue 1) has drawn some attention in previous meetings [1][2][3], but was not fully discussed either during the meeting or through email discussions. In our understanding, the decision of PUSH or PULL window is critical for describing the PDCP reception/reordering function in PDCP specification. Therefore, a decision on issue 1) needs to be reached as soon as possible.
The management of MeNB’s PDCP transmission window was discussed in RAN2 #85bis meeting [4] from the perspective of necessary information that SeNB needs to provide. In RAN3 #84 meeting, more specific SeNB indication were also discussed to support flow control. However, issue 2) is still not fully addressed as how MeNB and SeNB shall react upon those inputs from SeNB and/or UE in order to advance the PDCP transmission window at the network side. Note that the entire solution to issue 2) includes both certain operations that may be left to implementation and some features that have to be standardized.
2 Discussion
2.1 PUSH Window vs PULL Window
Before going into details of the PDCP reception/reordering algorithm for a split bearer, a more fundamental discussion on the window type used for the algorithm needs to be carried out first, i.e., PUSH window vs PULL window.
As already illustrated through examples in [2], a PUSH based reception window is anchored by Last_Submitted_PDCP_RX_SN. The main disadvantage of a PUSH window based reception algorithm is that newest received PDUs are discarded (instead of oldest) if in flight PDCP PDUs are more than half of the PDCP SN space. Consequently, discarded newest PDUs will trigger UE’s reordering timer when the window advances.
A PULL based reception window is anchored by Next_PDCP_RX_SN. The main drawback of a PULL window based reception algorithm is that the late arrival of older PDUs might cause HFN desynch if in flight PDCP PDUs are more than half of the PDCP SN space. Consequently, the HFN desync will lead to PDCP re-establishement.

Although neither PUSH window nor PULL window is perfect if in flight PDCP PDUs are more than half of the PDCP SN space, PUSH window seems to be the better option. It is because the possible desync of HFN in PULL window based approach is a fatal algorithm error that can be addressed only through PDCP re-establishment. On the contrary, the problem of reordering timer triggering due to discarding early arrived packets can be self-corrected in PUSH window based approach, though at the cost of some efficiency.
Proposal 1: UE’s PDCP reception/reordering algorithm for split bearers should be based on PUSH window operation.
2.2 PDCP Transmission Window Advancement
Regardless of whether PUSH or PULL window type is adopted eventually for UE’s PDCP reception/reordering operation, MeNB and SeNB jointly should not bring more than half of the sequence number space of PDCP PDUs in flight. Since MeNB’s PDCP transmission window puts a limit on the maximum number of PDCP PDUs in flight, it is critical for MeNB to advance PDCP transmission window both cautiously and efficiently, so that those drawbacks mentioned in Section 2.1 can be avoided while the throughput enhancement of dual connectivity can be achieved. To that end, the following indications/feedck from either SeNB or UE can be utilized to derive the lowest SN of the PDCP PDU that is assigned to the SeNB but hasn’t been delivered successfully to the UE yet, and consequently the lower edge of MeNB’s PDCP transmission window by considering the transmission status at both MeNB and SeNB jointly:

· Feedback provided by SeNB to MeNB, reporting “lost” PDCP PDUs due to X2 loss or SeNB discard [5];
· Cumulative ACK provided by SeNB to MeNB, indicating successfully delivered PDCP PDUs among the ones that SeNB received from MeNB [5];

· UE PDCP status report, indicating ACK/NACK of PDCP PDUs received by UE.
It is still an open issue though, as what the appropriate actions MeNB and/or SeNB shall take if the lower edge of MeNB’s PDCP transmission window is stuck at a PDCP PDU assigned to SeNB previously, e.g., at PDCP PDU with SN = N+1. Intuitively, it is beneficial from throughput enhancement perspective if MeNB takes over the transmission of PDU N+1, and advances the PDCP transmission window to allow transmission of new PDUs once PDU N+1 is transmitted successfully by MeNB itself. However, there is a risk of duplicate transmission of the same PDU N+1 by the original SeNB in the meanwhile, which may lead to the unwanted situation of more than half of the sequence number space of PDCP PDUs in flight. Depending on how MeNB derives the fact that PDU N+1 is the lower edge of current transmission window, different MeNB and/or SeNB actions/solutions may be taken to avoid the potential risk as summaried in Table 1, followed by more detailed explanation and analysis:
Table 1
The Advancement of MeNB’s PDCP Transmission Window upon SeNB/UE’s Inputs
	Source of knowledge (regarding the fact that the lower edge of PDCP transmission windonw is PDU N+1)
	SeNB’s action on PDU N+1
	MeNB’s action on PDU N+1
	Necessary features to support the advancement of  PDCP transmission window

	Reported as “Lost” by SeNB
	No more (re)transmission.
	Reassignment of the transmission.
	- Feedback provided by SeNB to MeNB, reporting “lost” PDCP PDUs due to X2 loss or SeNB discard (agreed in RAN3 #84).

	Derived from cumulative ACK provided by SeNB
	- If PDCP PDU N+1 is in SeNB’s RLC transmission process already, the RLC transmission process shall be completed (success or failure).

- If PDCP PDU N+1 is not in SeNB’s RLC transmission process yet, SeNB discard needs to be supported.
	- If PDCP PDU N+1 is in SeNB’s RLC transmission process already, MeNB shall wait for SeNB’s feedback to determine whether to take over the transmission of PDU N+1.

- If PDCP PDU N+1 is not in SeNB’s RLC transmission process yet, SeNB discard needs to be supported and MeNB shall wait for SeNB’s feedback to determine whether to take over the transmission of PDU N+1.
	- Cumulative ACK provided by SeNB to MeNB (agreed in RAN3 #84);

- SeNB discard function (Proposal 2);

- MeNB’s configuration of SeNB’s discard function (Proposal 3).

	UE’s PDCP status report
	Similar to the case of “Derived from cumulative ACK provided by SeNB”
	Similar to the case of “Derived from cumulative ACK provided by SeNB”
	- UE’s PDCP stauts report (format supported by legacy behavior already, new triggers FFS);

- SeNB discard function (Proposal 2);

- MeNB’s configuration of SeNB’s discard function (Proposal 3).


· If PDU N+1 is a “lost” PDCP PDU reported by SeNB due to X2 loss or SeNB discard, it is for sure that SeNB will not try to (re)transmit PDU N+1 after sending the feedback report to MeNB. Therefore, MeNB may take over the transmission of PDU N+1.

· If PDU N+1 is only a PDCP PDU immediately following the cumulative ACK provided by SeNB to MeNB, i.e., SeNB’s cumulative ACK has acknowledged the successful delivery of PDCP PDUs up to SN N by SeNB and MeNB jointly, there might be some ambiguity in the transmission status of PDU N+1 which was assigned to SeNB.

· If PDCP PDU N+1 is already in the RLC transmission process, i.e., at least one segment of PDCP PDU N+1 is already mapped to an RLC PDU by SeNB, MeNB shall wait until SeNB finishes the RLC transmission of PDCP PDU N+1. If the deivery of PDCP PDU N+1 is confirmed by RLC ACK received by SeNB, MeNB’s transmission window will move beyond N+1 upon SeNB’s cumulative ACK indication. If the delivery of PDCP PDU N+1 cannot be completed within the maximum number of RLC retransmissions at SeNB, a SeNB’s RLF will be triggered and reported to MeNB. In both cases above, MeNB may advance its PDCP transmission window beyond N+1 at some point of time, with the full confidence that there will not be more than half of the sequence number space of PDCP PDUs in flight because of the advancement.
· If PDCP PDU N+1 is still in the queue waiting to be scheduled for the first time, i.e., no byte of PDCP PDU N+1 is mapped to an RLC PDU by SeNB yet, it is difficult for MeNB to decide how to advance its PDCP transmission window:

· If MeNB initiates the tranmission of PDU N+1 and informs SeNB, due to the X2 latency the same PDU N+1 may be mapped to an RLC PDU already at SeNB in the meanwhile. Upon the successful delivery of PDU N+1 by MeNB, MeNB advances the PDCP transmission window beyond N+1, but the old PDU N+1 from SeNB may still be in the air and results in more than half of the sequence number space of PDCP PDUs in flight which is not desirable.

· If MeNB does not take over the transmission of PDU N+1 and wait for SeNB’s indication/feedback unconditionally, its transmission window might be stuck at N+1 for a long time if the scheduling delay of PDCP PDU N+1 is large. This is not preferred, either.

· To address the above difficulty, a discard function needs to be supported at SeNB in order to set a limit on the delay that a PDCP PDU may experience at SeNB. Since the delay bound reflects MeNB’s expectation/tolerance of how soon to advance the lower edge of  PDCP transmission window, it is natual that MeNB configures the timer value to be used for SeNB’s discard function. 
· If PDU N+1 is NACKed by UE PDCP status report, the same ambiguity exists as for SeNB’s cumulative ACK indication and similar analysis holds. Thererfore, a discard function needs to be supported at SeNB, and the timer value to be used for SeNB’s discard function shall be configured by MeNB.
Proposal 2: Discard function shall be supported by SeNB in order to limit the maximum delay that a PDCP PDU may experience at SeNB.
Proposal 3: It is preferred that MeNB configures the timer value to be used for SeNB’s discard function.
3 Conclusion
In this paper, two open issues of PDCP window operation under dual connectivy are investigated, and the following proposals are made:
Proposal 1: UE’s PDCP reception/reordering algorithm for split bearers should be based on PUSH window operation.
Proposal 2: Discard function shall be supported by SeNB in order to limit the maximum delay that a PDCP PDU may experience at SeNB.
Proposal 3: It is preferred that MeNB configures the timer value to be used for SeNB’s discard function.
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